1. Introduction
===============

Colorectal cancer (CRC) is one of the most common types of cancer worldwide, has a high incidence in developed countries, and is the fourth leading cause of cancer-related death, with a mortality rate of about 608,000 per year.^\[[@R1],[@R2]\]^ By 2030, there will be 2.2 million new cases of CRC worldwide, resulting in 1.1 million deaths.^\[[@R3]\]^ Despite new detection methods and improved treatment strategies for CRC, the 5-year survival rate is about 55%.^\[[@R4]\]^ Surgical is still the priority treatment. Some patients may have local recurrence or distant metastasis after surgery. At the same time, patients with similar clinical evaluations showed different clinical progression.^\[[@R5]\]^ The genetic heterogeneity of patients greatly affects intrinsic clinical diversity.^\[[@R6]\]^

In the past, researchers have identified many prognostic signature genes, as well as constructed multigene-based prognostic signatures that can divide CRC into different risk groups.^\[[@R7]--[@R10]\]^ However, due to the genetic heterogeneity of CRC, the prediction effect of most markers is not as expected and cannot be widely used in clinical practice. Recently, CRC has been classified into 4 consensus molecular subtypes (CMSs) with different molecular characteristics and clinical features, of which CMS4 has mesenchymal modalities.^\[[@R11]\]^ Patients within CMS4 had the highest recurrence rate and the worst relapse-free survival (RFS). Therefore, the intrinsic characteristics of the more malignant CMS4 could potentially be used to assess the risk of recurrence in CRC patients, further guiding more accurate and targeted treatment.

There is accelerating evidence that tumor microenvironment (TME) plays an important role in the development, progression, and metastasis of cancer.^\[[@R12],[@R13]\]^ Immunotherapy for immune checkpoints is widely studied.^\[[@R14],[@R15]\]^ At the same time, previous studies have revealed that the immune system can be used to assess the prognosis of CRC.^\[[@R16],[@R17]\]^ Therefore, based on immune genes, it is possible to develop markers for the evaluation of CRC prognosis.

In this study, we applied network analysis to integrate mesenchymal modalities and immune signature genes from the ImmPort database underlying CMS4. The master regulator analysis showed that 6 immune genes were the key factors of CMS4. We pooled and analyzed 5 public cohorts containing 1280 CRC patients to develop and validate an immune gene-based prognostic signature for CRC (IPSCRC) using these 6 immune genes. Although immune prognostic markers for CRC have been reported,^\[[@R18]\]^ no research has been done for risk stratification by integrating the characteristics of the mesenchymal subtype. The robustness and reliability of our model were proved by sufficient verification in 4 independent data sets. In addition, we conducted a comprehensive analysis to investigate the intrinsic biological and clinical relevance of IPSCRC. Our signature combines the mesenchymal modalities involved in CMS4 and would be used to screen CRC patients who may benefit from more rigorous treatment.

2. Materials and methods
========================

2.1. Ethical approval
---------------------

The researchers were authorized to conduct the study by the Ethics Committee of the Beilun People\'s Hospital, Ningbo, China. All procedures were implemented in accordance with the Declaration of Helsinki and relevant policies in China.

2.2. Patient series
-------------------

The gene expression profiles (GEPs) from 5 independent datasets were comprehensively analyzed, containing 1280 cases. The complete lists of all GEPs are shown in the Supplemental Table 1. These datasets involved patients from the GSE14333 (n = 290),^\[[@R19]\]^ the GSE17538 (n = 232),^\[[@R20]\]^ the GSE39582 (n = 564),^\[[@R21]\]^ the GSE33113 (n = 90),^\[[@R22]\]^ and the GSE37892 (n = 104).^\[[@R23]\]^ The expression data of all cohorts together with the corresponding clinical parameters were downloaded from Gene Expression Omnibus (GEO). The molecular subtyping information for all cohorts was retrieved from Guinney study.^\[[@R11]\]^ The detailed clinical characteristics of the 5 datasets were described in Table [1](#T1){ref-type="table"}. The design and workflow of this study were illustrated in Fig. [1](#F1){ref-type="fig"}A.

###### 

Patients' characteristics in public data sets.
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![Network inference identifies 6 immune signature genes as key regulators of the mesenchymal subtype in CRC. Study design (A). The integrated network displays the relationships between the 6 immune signature genes and the regulated EMT signature genes (B). CRC = colorectal cancer; EMT = epithelial-mesenchymal transition.](medi-99-e20617-g002){#F1}

2.3. Expression data preprocessing
----------------------------------

GEPs were downloaded from GEO by "GEOquery" (R package, version 1.0.7)^\[[@R24]\]^ and normalized with the robust multiarray analysis (RMA). For each cohort, the GEPs were collapsed from probe IDs to genes symbols, if multiple probe IDs correspond to the same genes symbol, the one with the highest mean value was kept as the representative of the corresponding gene.^\[[@R25]\]^

2.4. Integrated network analysis
--------------------------------

Immune genes (IRGs) were downloaded from the ImmPort database.^\[[@R26]\]^ IRGs measured by all cohorts were kept. Network analysis was applied to integrate mesenchymal modalities and immune genes underlying CMS4. Together, we used the GSE14333 dataset as the training cohort. Fourty five immune genes (log2FC \> 0.75, *P* \< .05) and 1319 target genes (log2FC \> 0.5, *P* \< .05) differentially expressed by comparing CMS4 with the other 3 subtypes (CMS1, CMS2, and CMS3). Integrated network analysis was performed by the "RTN" (R package, version 2.10.0).^\[[@R27]\]^ Master regulator analysis (MRA) was done to examine significantly overrepresented epithelial-mesenchymal transition (EMT) genes^\[[@R28]\]^ within each immune gene\'s regulon. Six immune genes of top significance were kept as the key factors of CMS4.

2.5. Development of the immune-based prognostic signature for CRC (IPSCRC)
--------------------------------------------------------------------------

Six immune genes are differentially up-expressed in the poorest survival subtype and are the master regulatory factors of the mesenchymal subtype-specific genes (including EMT genes). The Cox proportional-hazards model was applied to test their association with relapse-free survival. Based on these 6 immune genes, we develop a Cox-model named the immune-based prognostic signature for CRC (IPSCRC) as follows: risk score = (0.2304 × PROK1) + (0.2989 × THBS1) + (0.3787 × FGF11) + (0.2587 × CRP) + (--0.1192 × S100A14) + (--0.3350 × CCL19).

2.6. Validation of the IPSCRC
-----------------------------

The IPSCRC score was further evaluated in the 4 independent validation cohorts in terms of RFS and OS by the log-rank test, respectively. The IPSCRC then was evaluated with other clinical parameters in the uni- and multivariate Cox analysis. In the multivariable Cox regression, sex, tumor stages, tumor locations, microsatellite instability (MSI) status, and B-Raf proto-oncogene serine/threonine kinase (BRAF) mutation status were included as covariates.

2.7. Profiling of immune cells infiltration
-------------------------------------------

To analyze the immunobiological characteristics of high- and low-risk groups, we used CIBERSORT,^\[[@R29]\]^ to characterize immune cells' abundance of tumor tissue GEPs. Based on a set of reference immune cell GEPs, CIBERSORT used support vector regression^\[[@R29]\]^ to deconvolute tumor tissue gene expression profile with each type of immune cell enrichment. More specifically, standardized gene expression profiles were submitted to the CIBERSORT Web portal (<http://cibersort.stanford.edu/>) with 1000 permutations. For each sample, CIBERSORT quantified the relative proportions of 22 infiltrated immune cell types.

2.8. Gene set enrichment analysis (GSEA)
----------------------------------------

GSEA^\[[@R30]\]^ was conducted using "fgsea" (Bioconductor package, version 1.12.0) with 1000 permutations. Gene sets were retrieved from the Molecular Signature Database (MSigDB hallmark and kegg, version 7).^\[[@R30]\]^ A *P*-value below .05 was used to choose significant gene sets.

2.9. Statistical analysis
-------------------------

Continuous variables were compared using the Wilcoxon signed-rank test or Kruskal-Wallis rank-sum test. Kaplan-Meier analysis was performed using the log-rank test using "survival" (R package, version 2.41.3). Uni- and multivariable analyses were conducted by the Cox proportional hazards model. For all tests, a *P*-value below .05 was used to choose significant gene sets. Statistical significance is presented as following ∗*P* \< .05, ∗∗*P* \< .01, ∗∗∗*P* \< .001. All the statistical tests were conducted using R (version 3.6.1).

3. Results
==========

3.1. Integrative analysis reveals 6 immune genes as master regulators for CMS4 of CRC
-------------------------------------------------------------------------------------

CRC is a molecularly heterogeneous disease. In recent studies,^\[[@R11]\]^ 4 consensus molecular subtypes (CMSs) have been identified, among which CMS4 has the highest recurrence rate and the worst relapse-free survival (RFS) (Supplemental Fig. 1). To investigate the immune system role underlying CMS4, a total of 1280 patients with CRC from 5 independent public cohorts were included (Table [1](#T1){ref-type="table"}). We applied network analysis to integrate mesenchymal modalities and immune genes in the GSE14333 cohort (Fig. [1](#F1){ref-type="fig"}A). The networks consist of immune genes that are significantly up expressed in CMS4 compared with the other 3 subtypes and were found to regulate most of the mesenchymal specific target genes (Fig. [1](#F1){ref-type="fig"}B). Master regulator analysis (MRA) identified 6 immune genes (PROK1, THBS1, FGF11, CRP, S100A14, CCL19) as the key factors of CMS4 (Supplemental Table 2). These 6 immune genes are significantly up-expressed in CMS4 in the training cohort and validation dataset containing molecular subtyping information (Supplemental Fig. 2). Results from the univariable Cox proportional analysis demonstrated strong prognostic values of the 6 immune genes for RFS (Supplemental Fig. 3). Therefore, these 6 immune genes are key factors of the mesenchymal modalities and can be potentially applied for risk assessment of CRC patients.

3.2. Development of the immune-based prognostic signature for CRC (IPSCRC)
--------------------------------------------------------------------------

Using the GSE14333 cohort as the training set, we defined the IPSCRC using Lasso Cox proportional hazards regression of these 6 immune genes: risk score = (0.2304 × PROK1) + (0.2989 × THBS1) + (0.3787 × FGF11) + (0.2587 × CRP) + (--0.1192 × S100A14) + (--0.3350 × CCL19). Risk scores were calculated in all the training and validation cohorts (Supplemental Table 3). For detecting CMS4, the IPSCRC achieved high AUC values for all validation cohorts (Fig. [2](#F2){ref-type="fig"}). The upper-quartile risk value was set as the cut-off to separate patients into high- and low-risk groups across all datasets. In the training set, the high-risk group displayed a worse RFS (hazard ratio \[HR\]: 3.65, 95% confidence interval \[CI\]: 2.09--6.36; *P* = 1.07 × 10^−6^) (Fig. [3](#F3){ref-type="fig"}A and Supplemental Table 3). When considering patients with stage II CRC only, the IPSCRC remained prognostic in terms of RFS for the training set (HR: 2.92, 95% CI: 1.01--8.43; *P* = 3.74 × 10^−2^) (Fig. [4](#F4){ref-type="fig"}A and Supplemental Table 3).

![ROC curves of the IPSCRC. ROC curves for the detection efficiency of CMS4 in GSE39582 (A), GSE17538 (B), GSE33113 (C), and GSE37892 (D). ROC = receiver operating characteristic curve, IPSCRC = immune-based prognostic signature for CRC.](medi-99-e20617-g003){#F2}

![Kaplan-Meier plots showing differences in relapse-free survival among different risk groups within GSE14333 (A), GSE17538 (B), GSE39582 (C), GSE33113 (D), GSE37892 (E), and (F) the combination of all cohorts. *P*-values are based on log-rank tests.](medi-99-e20617-g004){#F3}

![Kaplan-Meier plots showing differences in relapse-free survival among different risk groups for stage II CRC within GSE14333 (A), GSE17538 (B), GSE39582 (C), GSE33113 (D), and (E) the combination of these 4 cohorts. *P*-values are based on log-rank tests. CRC = colorectal cancer.](medi-99-e20617-g005){#F4}

3.3. Validation of the IPSCRC
-----------------------------

To verify the prognostic power of the IPSCRC, we calculated the survival difference within the 2 risk groups in 4 validation cohorts. As expected, the IPSCRC significantly stratified patients into high- and low-risk groups in terms of RFS (HR range: 2.16 \[95% CI: 1.59--2.93; *P* = 4.20 × 10^−7^\] to 3.54 \[95% CI: 2.08--6.00; *P* = 5.68 × 10^−7^\]) (Fig. [3](#F3){ref-type="fig"}B--E and Supplemental Table 3) and OS (HR range: 1.64 \[95% CI: 1.07--2.51; *P* = 2.19 × 10^−2^\] to 1.71 \[95% CI: 1.26--2.32; *P* = 4.49 × 10^−4^\]) (Fig. [5](#F5){ref-type="fig"}A--B and Supplemental Table 3) in the 4 validation cohorts. When considering patients with stage II CRC only, the IPSCRC remained prognostic in terms of RFS for validation cohorts (HR range: 2.08 \[95% CI: 1.20--3.59; *P* = 7.28 × 10^−3^\] to 3.32 \[95% CI: 1.00--11.0; *P* = 3.78 × 10^−2^\]) (Fig. [4](#F4){ref-type="fig"}B--D and Supplemental Table 3). In the meta-analysis for all datasets, the prognostic effects of the IPSCRC are more obvious in terms of RFS (HR: 2.58, 95% CI: 2.08--3.21; *P* \< 1.00 × 10^−22^) (Fig. [3](#F3){ref-type="fig"}F), stage II RFS (HR: 2.50, 95% CI: 1.70--3.68; *P* = 1.38 × 10^−6^) (Fig. [4](#F4){ref-type="fig"}E), and OS (HR: 1.71, 95% CI: 1.34--2.19; *P* = 1.56 × 10^−5^) (Fig. [5](#F5){ref-type="fig"}C). Furthermore, it remains an independent predictor of prognosis in the uni- and multivariate Cox model, after adjusting for sex, tumor stages, tumor locations, MSI status, and BRAF mutation status (Table [2](#T2){ref-type="table"}).

![Kaplan-Meier plots showing differences in overall survival among different risk groups within GSE17538 (A), GSE39582 (B), and (C) the combination of these 2 cohorts. *P*-values are based on log-rank tests.](medi-99-e20617-g006){#F5}
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Univariate and multivariate analysis of immune signature and clinicopathological factors.
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3.4. In silico functional assessment of the IPSCRC
--------------------------------------------------

To gain insight into the biological differences between risk groups, we performed immune cell infiltration and GSEA analyses. We observed a significantly higher proportion of Macrophage M2 in the high-risk group and a significantly higher enrichment of plasma cells in the low-risk group (Fig. [6](#F6){ref-type="fig"}A--B). Furthermore, these 2 risk groups' specific immune cell infiltration was also validated in validation cohorts (Supplemental Fig. 4). Enrichment analysis between high- and low- risk groups identified that many mesenchymal phenotype-related pathways, including the TGF-beta signaling, epithelial-mesenchymal transition, and focal adhesion, were positively enriched in the high-risk group (Supplemental Fig. 5 and Supplemental Table 4). When compared with a clinically applicable and commercialized biomarker, the IPSCRC achieved a higher C-index compared with Oncotype Dx Colon Cancer^\[[@R31]\]^ in training and validation cohorts (Fig. [7](#F7){ref-type="fig"}).

![Immune infiltration status between the 2 immune risk groups. (A) Immune infiltration status for different immune risk groups. (B) The proportion level of plasma and Macrophage M2 for different immune risk groups. For every immune cell subset, the Wilcoxon test *P*-value comparing the high- versus low- immune risk groups are shown. ∗∗∗*P* \< .001.](medi-99-e20617-g008){#F6}

![C-index for IPSCRC. C-index comparison between IPSCRC and Oncotype DX colon cancer (A). C-index values in different cohorts (B). IPSCRC = immune-based prognostic signature for CRC.](medi-99-e20617-g009){#F7}

4. Discussion
=============

Colorectal cancer (CRC) is one of the most common types of cancer worldwide and the fourth leading cause of cancer-related death.^\[[@R1],[@R2]\]^ In the past, researchers have constructed numerous multigene-based prognostic signatures that can divide CRC into different risk groups.^\[[@R7]--[@R10]\]^ However, due to the genetic heterogeneity of CRC, the prediction effect of most markers is not as expected. Therefore, a new signature that can accurately recognize patients with poor CRC prognosis is urgently needed to give more rigorous treatments.

CRC has been classified into 4 consensus molecular subtypes (CMSs) with different molecular characteristics and clinical features, of which CMS4 has mesenchymal modalities.^\[[@R11]\]^ Prognostic signature screened based on molecular portraits specific to the worst prognosis subtype may be used for risk stratification of CRC patients.^\[[@R32],[@R33]\]^ Recent studies have shown that the tumor microenvironment plays an important role in the occurrence and development of tumors.^\[[@R34]\]^ Previous studies have revealed that the immune system can be used to assess the prognosis of CRC.^\[[@R16],[@R17]\]^ In this study, we established an immune gene-based prognostic signature for CRC (IPSCRC) by integrating mesenchymal modalities and the immune system underlying CMS4 and validated it in 4 independent validation cohorts. The large sample size provided sufficient validation for the IPSCRC and makes it more robust. To our knowledge, no research has been done for risk stratification by integrating the immune system and the characteristics of CMS4 in CRC.

The IPSCRC was constructed by 6 immune genes as the key factors of CMS4 and could stratify patients into different risk groups. Within these 6 immune genes, positive expression PROK1 was significantly enriched CRC patients with high recurrence rate, lymphatic invasion, and lymph node metastasis.^\[[@R35]\]^ THBS1 over-expression was significantly associated with regional lymph node involvement and poor survival in esophageal squamous cell carcinoma (ESCC) patients.^\[[@R36]\]^ High expression of CRP is associated with poorer disease-specific survival in CRC patients.^\[[@R37]\]^ S100A14 promotes hepatocellular carcinoma invasion and migration.^\[[@R38]\]^ Elevated expression of CCL19 correlates with progression in cervical cancer.^\[[@R39]\]^ The defined high-risk group showed a worse RFS and OS than the low-risk group. The IPSCRC remained an independent prognostic predictor in multivariate Cox proportional hazards analysis after adjusting for other clinical factors. Previous studies have described evaluated plasma cells counts in CRC,^\[[@R40]\]^ while Macrophage M2 indicates a poor prognosis in ovarian cancer.^\[[@R41]\]^ We observed a significantly higher proportion of Macrophage M2 in the high-risk group and a significantly higher enrichment of plasma cells in the low-risk group. Moreover, some mesenchymal phenotype-related pathways, such as EMT, TGF-beta, and focal adhesion, were positively enriched in the high-risk group. Our findings inferred the important role of IPSCRC in tumor invasion and therefore, could sever as a robust prognostic signature in CRC.

This study still has some limitations. First of all, the prognostic signature was screened from gene expression profiles generated from microarray platforms, which are expensive, difficult to operate and involves professional bioinformatics expertise, so it is difficult to be popularized in daily clinical application. Second, the training and validation data sets were all from retrospective studies in the study, including fresh frozen samples. Therefore, the efficiency and stability of FFPE samples are still in doubt. In the following improvement process, more datasets containing more clinical characteristics need to be included for more extensive screening and validation.

Taken together, our network analysis established an immune gene-based signature, which could effectively predict CRC patients' survival. Our study is the first attempt to integrate tumor heterogeneity and the immune system to develop the prognostic signature for CRC.
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